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I n t r o d u c t i o n  

Decompos i t ion  of o r g a n i c  compounds i n  p r e s e n c e  o f  e l e c t r i c  dis-  
c h a r g e  g e n e r a l l y  i n v o l v e s  f r a g m e n t a t i o n  a n d  p o l y m e r i z a t i o n  i n d u c e d  by 
i n e l a s t i c  c o l l i s i o n  w i t h  h i g h  e n e r g y  e l e c t r o n s .  When hydrogen  is 
a d d e d ,  a c t i v e  hydrogen  a t o m s  p r o d u c e d  b y  e l e c t r i c  d i s c h a r g e  a l s o  pa r -  
t i c i p a t e  i n  t h e  d e c o m p o s i t i o n  r e a c t i o n s .  The r e a c t i o n  mechanisms a r e  
complex  i n v o l v i n g  e x c i t e d  m o l e c u l e s ,  f r e e  r a d i c a l s ,  a n d  i o n s .  

I n  t h i s  l a b o r a t o r y  h y d r o c r a c k i n g  o f  c o a l ,  c o a l  v o l a t i l e s  a n d  r e -  
l a t e d  mater ia ls  b y  e l e c t r i c  d i s c h a r g e  i n  hydrogen  w a s  s t u d i e d .  I t  is 
p o s t u l a t e d  by Given1 t h a t  coa l  ( v i t r i n i t e )  m o l e c u l e s  c o n t a i n  a r o m a t i c  
a n d  h y d r o a r o m a t i c  s t r u c t u r e s  a n d  p r o b a b l y  f u s e d  a r o m a t i c  r i n g  n u c l e i  
l i n k e d  t o g e t h e r  b y  m e t h y l e n e  o r  e t h y l e n e  g r o u p s  f o r m i n g  h y d r o a r o m a t i c  
r i n g s .  Many o f  t h e  r e p l a c e a b l e  h y d r o g e n s  i n  t h e  s t r u c t u r e  are sub- 
s t i t u t e d  b y  h y d r o x y l  o r  c a r b o n y l  g r o u p s .  Shor t  a l k y l  g r o u p s  a n d  
a l i c y c l i c  r i n g s  may a l s o  be a t t a c h e d  a s  s i d e  c h a i n s .  I n  p y r o l y s i s  
a t  500 - 6 O O 0 C . ,  d i s s o c i a t i o n  o f  h y d r o x y l  g r o u p s  a n d  d e h y d r o g e n a t i o n  
o f  n a p h t h e n i c  r i n g s  t a k e  p l a c e .  T h e s e  ac t s  l e a d  t o  f o r m a t i o n  o f  OH 
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a n d  H r a d i c a l s  wh ich  i n  t u r n  h e l p  t o  b r e a k  t h e  l i n k a g e s  be tween aromatic 1 
n u c l e i ,  f o r m i n g  smaller ,  p a r t l y  aromatic v o l a t i l e  f r a g m e n t s ,  and  a t  
t h e  same t i m e  l e a v i n g  a more aromatic r e s i d u a l  s t r u c t u r e  b e h i n d .  

On t h e  o the r  hand ,  h i g h  p r e s s u r e  h y d r o g e n a t i o n  o f  coal  g i v e s  p a r t i a l '  
o r  c o m p l e t e  h y d r o g e n a t i o n  o f  t h e  aromatic s t r u c t u r e .  When t h i s  is sub- 
s e q u e n t l y  c r a c k e d ,  t h e  l i g h t  p r o d u c t s  t e n d  t o  be a l i p h a t i c  r a t h e r  t h a n  
aromatic h y d r o c a r b o n s .  I t  was t h o u g h t  t h a t  h y d r o c r a c k i n g  o f  coal by 
e l e c t r i c  d i s c h a r g e  m i g h t  be somewhere be tween p y r o l y s i s  a n d  h i g h  p r e s s u r e  
h y d r o c r a c k i n g .  I n  t h e  c o u r s e  o f  s t u d y  i t  w a s  t h o u g h t  i m p o r t a n t  t o  t es t  
t h i s  h y p o t h e s i s  by s u b j e c t i n g  s e v e r a l  aromatic o r  h y d r o a r o m a t i c  compounds 
t o  e l ec t r i c  d i s c h a r g e  i n  a h y d r o g e n  stream f o r  be t te r  u n d e r s t a n d i n g  of 
t h e  p r o c e s s .  O r g a n i c  compounds s e l e c t e d  were m-cresol, d - m e t h y l n a p h t h a l e n  
t e t r a h y d r o n a p h t h a l e n e ,  d e c a h y d r o n a p h t h a l e n e ,  a n d  9 ,  1 0 - d i h y d r o p h e n a n t h r e n d  

1 

E x p e r i m e n t a l  A p p a r a t u s  a n d  P r o c e d u r e s  

? 
1 

The a p p a r a t u s  c o n s i s t e d  of a v a p o r i z e r ,  a p r e h e a t e r ,  a d i s c h a r g e  
reactor ,  and  a p r o d u c t  c o l l e c t i n g  s y s t e m :  The o r g a n i c  compound was f e d  
i n t o  t h e  v a p o r i z e r  a t  a c e r t a i n  rate a n d  v a p o r i z e d .  Hydrogen was a l s o  
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f e d  i n t o  t h e  v a p o r i z e r  a t  a c e r t a i n  f l o w  rate a n d  mixed  w i t h  t h e  o r g a n i c  
v a p o r .  The r e s u l t a n t  m i x t u r e  w a s  t h e n  f e d  i n t o  t h e  reactor t h r o u g h  
t h e  p r e h e a t e r .  The l i q u i d  p r o d u c t s  c o n d e n s e d  i n  a water cooler were 
c o l l e c t e d  i n  a r e c e i v e r  a n d  t h e  g a s e o u s  p r o d u c t s  were c o l l e c t e d  i n  a 
l i q u i d  n i t r o g e n  t r a p .  T h e s e  p r o d u c t s  were a n a l y z e d  by mass s p e c t r o -  
s c o p e  a n d  v a p o r  p h a s e  c h r o m a t o g r a p h  employ ing  a 6 f t .  column of 10% 
s i l i c o n e  r u b b e r ,  SE-30 a n d  60-80 Chromosorb  P .  

I 

The d i s c h a r g e  reac tor  was f a b r i c a t e d  w i t h  q u a r t z  a n d  w a s  o f  a 
c o n c e n t r i c  t u b e  d e s i g n  s imi la r  t o  a n  o z o n i z e r .  The i n s i d e  o f  t h e  i n n e r  
b a r r i e r  (40 mm OD a n d  38 mm I D )  and  t h e  o u t s i d e  o f  t h e  o u t e r  b a r r i e r  
(48 mm OD a n d  46 mm I D )  were c o a t e d  w i t h  c o n d u c t i v e ,  t r a n s p a r e n t ,  t i n  
o x i d e .  The fo rmer  was c o n n e c t e d  t o  t h e  h i g h  v o l t a g e  t e r m i n a l  a n d  t h e  
l a t t e r  t o  g round .  I n  t h i s  a r r a n g e m e n t  t h e  e l e c t r i c  d i s c h a r g e  w a s  
s u s t a i n e d  i n  a n  a n n u l a r  space, 46 mm OD, 40 mm ID, and  200 mm l o n g .  
The i n s i d e  bar r ie r  t u b e  w a s  f i l l e d  w i t h  s t a i n l e s s  s t ee l  wool and  a 
t h e r m o m e t e r  w a s  p l a c e d  i n  t h e  c e n t e r .  T h i s  t h e r m o m e t e r  and  three therm- 
istors a t t a c h e d  t o  t h e  o u t s i d e  e l e c t r o d e  were u s e d  t o  d e t e r m i n e  t h e  
reactor  t e m p e r a t u r e .  The reactor was i n s u l a t e d  w i t h  g l a s s  wool,  and  t h e  
reactor  t e m p e r a t u r e  was m a i n t a i n e d  a t  a p p r o x i m a t e l y  30OoC. f o r  a l l  t h e  
r u n s .  

The e l e c t r i c  d i s c h a r g e  power was s u p p l i e d  by Peed ing  t h e  o u t p u t  
o f  a 1 0 , 0 0 0  Hertz,  30 k i l o w a t t  i n d u c t o r - a l t e r n a t o r  t o  t h e  p r i m a r y  of  
a 50 k i l o v o l t  t r a n s f o r m e r  a n d ,  i n  t u r n ,  t o  a t u n e d  c i r c u i t ,  t o  t h e  
reactor a n d  t o  t h e  h i g h  v o l t a g e  i n s t r u m e n t a t i o n .  The e l ec t r i c  d i s c h a r g e  
power was d e t e r m i n e d  by m e a s u r i n g  t h e  area o f  p a r a l l e l o g r a m  o n  t h e  
o s c i l l o s c o p e 2 .  

When making t h e  r u n ,  hydrogen  w a s  f e d  i n t o  t h e  reactor a t  a d e f i n i t e  
f l o w  rate a n d  t h e  e l ec t r i c  d i s c h a r g e  w a s  a p p l i e d  t o  h e a t  t h e  r e a c t o r .  
When t h e  reactor t e m p e r a t u r e  w a s  s tab i l ized  a t  a b o u t  3 O O 0 C . ,  t h e  f e e d  
o f  t h e  o r g a n i c  compound w a s  s t a r t e d .  The d i s c h a r g e  power s u s t a i n e d  f o r  
t h e  r e a c t i o n  w a s  i n  a r a n g e  f rom 1 4 0  t o  170 w a t t s .  

E x p e r i m e n t a l  R e s u l t s  a n d  D i s c u s s i o n s  

F o r  c r e s o l - h y d r o g e n  m i s t u r e s ,  t w o  r u n s  were made u s i n g  t h e  empty 
reactor a n d  three r u n s  were made by f i l l i n g  t h e  reactor s p a c e  w i t h  
p o r o u s  o r  a c t i v a t e d  aluminum o x i d e  g r a i n s .  F o r  a l l  t h e  r u n s ,  t h e  reactor 
p r e s s u r e  m a i n t a i n e d  a t  300 mm Hg. E x p e r i m e n t a l  r e s u l t s ,  i n c l u d i n g  
p r o d u c t  d i s t r i b u t i o n ,  are l i s t e d  i n  T a b l e  1. The p r i n c i p a l  p r o d u c t s  
were p h e n o l ,  t o l u e n e ,  b e n z e n e ,  a l i p h a t i c  h y d r o c a r b o n s ,  c a r b o n  d i o x i d e  
a n d  water. Among t h e  a l i p h a t i c  h y d r o c a r b o n s ,  a c e t y l e n e  w a s  p r e s e n t  i n  
t h e  l a r g e s t  amount a n d  a b o u t  8% w a s  u n s a t u r a t e s  e x c e p t  f o r  Run 5. I n  
t h i s  r u n  t h e  c o n c e n t r a t i o n  o f  u n s a t u r a t e s  w a s  55 %. T h i s  is p r o b a b l y  
due  t o  a h i g h e r  hydrogen  c o n c e n t r a t i o n  i n  t h e  f e e d  c a u s i n g  somewhat 

T. C. Manley, T r a n s .  Am. Electro Chem. SOC. 84 83, 1943  
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more e f f i c i e n t  h y d r o g e n a t i o n .  
C H5-OH a r e  90 and  73 Kcal/mol.  r e s p e c t i v e l y .  D e s p i t e  t h i s ,  i t  was 
o t s e r v e d  t h a t ,  i n  t h e  p roduc t s ‘ .  p h e n o l  was i n  h i g h e r  c o n c e n t r a t i o n  
t h a n  t o l u e n e .  

The bond e n e r g i e s  of C6H5-CH3 a n d  

U s e  o f  aluminum o x i d e  p a c k i n g  i n  t h e  d i s c h a r g e  s p a c e  w a s  i n t e n d e d  , 
t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  o f  i n c r e a s i n g  t h e  e n e r g y  y e i l d .  Narrowing  
t h e  g a s e o u s  d i s c h a r g e  g a p  w i t h  d i e l e c t r i c  p a c k i n g s  may c p u s e  t h e  fo l low-  \ 
i n g  two e f f e c t s  on  t h e  d i s c h a r g e :  (1 )  i n c r e a s e  of d i s c h a r g e  c u r r e n t  
f o r  t h e  same d i s c h a r g e  power d i s s i p a t e d ,  a n d  (2 )  i n c r e a s e  o f  g a s e o u s  
s p a c e  breakdown f i e l d  s t r e n g t h ,  i f  t h e  g a p  d e c r e a s e s  beyond a c e r t a i n  
l i m i t .  The e x a c t  n a t u r e  o f  t h e  e l e c t r i c  d i s c h a r g e  employed  i n  t h i s  s t u d y  
is st i l l  d e b a t a b l e . 3 , 4  
p r i m a r y  r e a c t i o n  ra te  o f  t h e  o r g a n i c  v a p o r  w i t h  e i t h e r  h i g h  e n e r g y  
e l e c t r o n s  or a c t i v e  hydrogen  atoms may be  dependen t  o n  d i s c h a r g e  c u r r e n t  
d e n s i t y  and  f i e l d  s t r e n g t h ,  i f  t h e  s y s t e m  p r e s s u r e  a n d  p a r t i a l  p r e s s u r e  
o f  t h e  r e a c t a n t  a r e  c o n s t a n t .  I n  e l e c t r i c  d i s c h a r g e  p r o d u c t  o f  ozone .  
a n  i n c r e a s e  i n  ozone  c o n c e n t r a t i o n  a f t e r  f i l l i n g  t h e  d i s c h a r g e  g a p  w i t h  
v a r i o u s  d i e l e c t r i c  p a c k i n g s  is a l s o  r e p o r t e d  by Mor inaga  a n d  Su2uk i .S  
I n  t h i s  s t u d y  f o r  a p p r o x i m a t e l y  t h e  same c o n c e n t r a t i o n  o f  c r e s o l  v a p o r ,  
t h e  u s e  o f  aluminum o x i d e  g r a i n s  i n  t h e  d i s c h a r g e  s p a c e  a p p e a r e d  t o  in -  
c r e a s e  t h e  e n e r g y  y i e l d  somewhat ,  b u t  n o t  c o n c l u s i v e l y .  

However,  i t  c a n  be r e a s o n a b l y  assumed t h a t  t h e  ) 

\ 

j 

\ 
I n  a l l  t h e  r u n s ,  t h e  f o r m a t i o n  o f  brown s o l i d  f i l m s  w a s  o b s e r v e d  

o n  t h e  reactor w a l l  o r  o n  t h e  s u r f a c e  o f  t h e  g r a i n s .  These  s o l i d  f i l m s  

t o l u e n e .  I t  is presumed t h a t  t h e y  are i n d i c a t i n g  p o s s i b l y  h i g h l y  cross- 
l i n k e d  p o l y m e r i z e d  p r o d u c t s  d e r i v e d  from t h e  c r e s o l .  The e n e r g y  y i e l d  
f o r  f i l m  f o r m a t i o n  was e s t i m a t e d  t o  be i n  a r a n g e  from 30 t o  5 0  g/KWH; 
c o n s i d e r a b l y  h i g h e r  t h a n  t h a t  f o r  t he  f r a g m e n t a t i o n  p r o d u c t s .  

were n o t  a n a l y z e d  b u t  t h e y  were i n s o l u b l e  i n  m e t h y l e t h y l e k e t o n e  or 1 

I 
E x p e r i m e n t a l  r e s u l t s  f o r  t h e  p o l y c y c l i c  compounds are  summarized 

i n  T a b l e  2 .  M e t h y l n a p h t h a l e n e  v a p o r  i n  hydrogen  was tested u n d e r  p r e s -  
s u r e s  o f  760 and  74 mm Hg. The p r i n c i p a l  l i g h t e r  p r o d u c t s  were a l i p h a t i c  
h y d r o c a r b o n s ,  benzene  a n d  t o l u e n e .  A t  t h e  h i g h e r  p r e s s u r e  t h e  c o n c e n t r a -  
t i o n  o f  t h e  l i g h t e r  a l i p h a t i c  h y d r o c a r b o n s  w a s  i n  t h e  order C2)c3>C4>C5. ~ 

A t  t h e  lower p r e s s u r e ,  however ,  t h i s  o r d e r  w a s  r e v e r s e d .  I n  b o t h  cases ,\ 

a b o u t  32 - 35% were u n s a t u r a t e s .  The e n e r g y  y i e l d  w a s  a p p r o x i m a t e l y  
d o u b l e d  by l o w e r i n g  t h e  p r e s s u r e .  ‘I 

F o r  t e t r a h y d r o n a p h t h a l e n e ,  t h r e e  e x p e r i m e n t s  were made u n d e r  d i f -  ) 
f e r e n t  p r e s s u r e s .  Among t h e  1 i g h t e r  a l i p h a t i c  h y d r o c a r b o n s  p roduced ,  
t h e  C2 f r a c t i o n  was p r e s e n t  i n  t h e  l a r g e s t  amount ,  i n  wh ich  e t h y l e n e  
w a s  i n  h i g h e s t  c o n c e n t r a t i o n  f o l l o w e d  by a c e t y l e n e  and  e t h a n e .  The 

T h i s  i n c r e a s e  w a s  e s s e n t i a l l y  due  t o  t h e  i n c r e a s e  i n  C2 a n d  C un- 

7 0  mm H g  was twice a s  h i g h  as t h a t  a t  760 mm Hg. A c o n s i d e r a b l y  h i g h e r  

t o t a l  p e r c e n t a g e  of u n s a t u r a t e s  i n c r e a s e d  as t h e  p r e s s u r e  d e c r e a s e d .  7 

s a t u r a t e s .  A s  o b s e r v e d  f o r  m e t h y l n a p h t h a l e n e ,  t h e  e n e r g y  y e i q d  a t  .: 
1 
4 

R .  W. L u n t ,  Advanced Chem. Ser ies ,  “Ozone C h e m i s t r y  a n d  Techno logy” ,  
Am.  Chem. S O C . ,  p .  286  (1959)  1 
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I 

M .  S u z u k i  and  Y. Nai to ,  P r o c .  J a p a n  Academy, 2 4 6 9  (1959)  \ 

K .  Morinaga and  M .  S u z u k i ,  B u l l .  Chem. SOC. ,  J a p a n  35 4 2 9  (1962) 
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e n e r g y  y i e l d  t h a n  f o r  t h e  o t h e r  two r u n s  was o b s e r v e d  a t  t h e  i n t e r m e d i a t e  
p r e s s u r e ,  300 mm Hg. 

When d e c a h y d r o n a p h t h a l e n e  w a s  t e s t e d ,  one  e x p e r i m e n t  w a s  made u n d e r  1 760 mm Hg u s i n g  6.7% c o n c e n t r a t i o n  i n  hydrogen .  Ano the r  r u n  w a s  made 
u n d e r  300  mm Hg u s i n g  67% c o n c e n t r a t i o n .  I n  t h e  l a t t e r  r u n ,  a h i g h e r  

/ e n e r g y  y i e l d  w a s  o b t a i n e d .  
c 2  a n d  C 3  f r a c t i o n  and  a l s o  u n s a t u r a t e  c o n c e n t r a t i o n  w a b  h i g h e r .  

The g a s e o u s  p r o d u c t s  were e s s e n t i a l l y  i n  t h e  C2 f r a c t i o n ;  a b o u t  50% 

showed two p e a k s .  They were n o t  i d e n t i f i e d  b u t  by t h e  combined  r e s u l t s  
of t h e  VPC a n d  m a s s  s p e c t r o s c o p e  one  o f  t h e  p e a k s  w a s  t e n t a t i v e l y  
i d e n t i f i e d  a s  butflbenzene. B i p h e n y l ,  wh ich  is a l i k e l y  d e c o m p o s i t i o n  
p r o d u c t ,  w a s  n o t  found .  F o r  t h e  p o l y c y c l i c  aromatic and  h y d r o a r o m a t i c  
compounds t e s t e d  i n  t h i s  s t u d y ,  t h e  e n e r g y  y i e l d  from e lec t r ic  d i s c h a r g e  
h y d r o c a r c k i n g  f o r  p r o d u c t i o n  o f  t h e  l i g h t e r  h y d r o c a r b o n s  w a s  i n  t h e  f o l -  
l o w i n g  o r d e r :  

The p r o d u c t  d i s t r i b u t i o n  w a s  r icher  i n  t h e  

One e x p e r i m e n t  w a s  made t o  t e s t  d i h y d r o p h e n a n t h r e n e  i n  hydrogen .  ' b e i n g  u n s a t u r a t e d .  Vapor p h a s e  c h r o m a t o g r a p h y  o f  t h e  l i q u i d  p r o d u c t  

I 
' 

/ 
I 

As o b s e r v e d  i n  cresol r u n s ,  s o l i d  f i l m s  were formed on  t h e  reactor W a l l ,  
b u t  t h e y  were n o t  a n a l y z e d .  

I 

The number of e x p e r i m e n t s  are n o t  s u f f i c i e n t  t o  p e r m i t  d r a w i n g  a 
I 

c o n c r e t e  r e l a t i o n s h i p  be tween  e n e r g y  y i e l d  a n d  m o l e c u l a r  s t r u c t u r e .  
The r e s o n a n c e  energies  of b e n z e n e ,  n a p h t h a l e n e ,  a n d  p h e n e n t h r e n e  are 
39, 7 5 ,  a n d  110  Kcal, r e s p e c t i v e l y .  I t  is r e a s o n a b l e  t o  a s sume  t h a t  

' t h e  c o n d e n s e d  a r o m a t i c  r i n g  s t r u c t u r e  a b s o r b s  l a r g e  amounts  of e n e r g y  
and  r e q u i r e s  h i g h  e n e r g y  f o r  c r a c k i n g .  The r a d i a t i o n  e f f e c t  o n  v a r i o u s  
p o l y c y c l i c  aromatic compounds were s t u d i e d  by Weiss e t  a16. They d i s -  

,\ c u s s e d  c o r r e l a t i o n s  be tween  t h e  r a d i a t i o n  s t a b i l i t y  and  v a r i o u s  strut- 
$ 1  t u r a l  f a c t o r s .  These  i n c l u d e  r e s o n a n c e  e n e r g y ,  e lec t ron  a f f i n i t y ,  I and  i o n i z a t i o n  c o n s t a n t .  S i n c e  t h e r e  is a close s i m i l a r i t y  be tween  

r a d i a t i o n  a n d  e l e c t r i c  d i s c h a r g e  i n  p r i n c i p l e ,  f u r t h e r  i n f o r m a t i o n  a l o n g  
t h i s  l i n e  would be h e l p f u l  f o r  a be t t e r  u n d e r s t a n d i n g  of t h e  e lectr ic  
d i s c h a r g e  h y d r o c r a c k i n g  p r o c e s s .  

b 

/ o f  t h e  t h i s  s t u d y .  
h y d r o c r a c k i n g  o f  aromatic or h y d r o a r o m a t i c  hydroca rbons ,  d i s s o c i a t i o n  
o f  t h e  s i d e  c h a i n s  a n d  r u p t u r e  o f  t h e  r i n g s  are f o l l o w e d  by s e c o n d a r y  

f r e a c t i o n s  i n v o l v i n g  t h e  decomposed s p e c i e s ;  t h i s  leads to  t h e  f o r m a t i o n  
o f  aromatic or a l i p h a t i c  l i g h t e r  compounds.  Ene rgy  r e q u i r e m e n t  t o  form 
t h e s e  l i g h t e r  compounds a p p e a r  t o  be  too h i g h  f o r  p r a c t i c a l  applica- 

[ t i o n s .  The f o r m a t i o n  o f  t h e  s o l i d  p o l y m e r i z e d  p r o d u c t s ,  w h i c h  t a k e s  

E l u c i d a t i o n  o f  t h e  r e a c t i o n  scheme i n  d e t a i l  is beyond t h e  s c o p e  
However,  it w a s  i n d i c a t e d  t h a t  i n  e lec t r ic  d i s c h a r g e  

\ 
1 
I 
\ 
v ' ~  J. Weiss, C. H. C o l l i n s ,  J .  S u c k e r ,  a n d  N. Carc ie l lo ,  I n d .  Eng. Chem, 

$ P r o d .  R e s .  a n d  Deve lopmen t ,  3 ,  73 (1964)  
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p l a c e  i n  p a r a l l e l  w i t h  f r a g m e n t a t i o n ,  as s e e n  f o r  cresol r u n s ,  r e q u i r e s  
c o n s i d e r a b l y  less e n e r g y .  S t u d y  on  t h e  f o r m a t i o n  o f  po lymer  f i l m s  
s t a r t i n g  w i t h  v a r i o u s  monomers a n d  u s i n g  t h e  p r e s e n t  d i s c h a r g e  sys tem 
p r e s e n t s  a n  e x t r e m e l y  i n t e r e s t i n g  problem which  is c u r r e n t l y  u n d e r  
i n v e s t i g a t i o n .  

T h i s  is a p a r t  of t h e  work s u p p o r t e d  by t h e  O f f i c e  of C o a l  R e s e a r c h ,  
U. S. Depar tment  o f  I n t e r i o r .  
s u p p o r t  . 

The a u t h o r  is t h a n k f u l  f p r  t h e i r  g e n e r o u s \  
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